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Altered arterial wall shear stress may adversely affect 
vascular endothelium and contribute to atherogenesis. This 
study examined the hypothesis that, in humans, dilation of 
normal coronary arteries with increased flow limits in- 
creases in shear stress and that loss of flow-mediated 
dilation in atherosclerosis results in failure to control shear 
stress. Coronary blood flow was increased by infusing 
adenosine (0.022 to 2.2 mg/min) through a 2.5F Doppler 
flow catheter positioned in the middfe segment of the left 
anterior descending coronary artery in 8 patients with mild 
atherosclerosis but no flow-limiting stenosis and in 10 
patients with entirely smooth coronary arteries. Quantita- 
tive angiograpby and coronary flow velocity were used to 
estimate shear stress in a proximal segment of the left 
anterior descending artery exposed to increased flow, but 
not to adenosine. 
The peak increase in blood flow was the same in smooth 
(371 2 65%) and irregular (377 + 50%) arteries. However, 
at peak flow, dilation was greater in smooth segments 
(16.3 f 2.7%) than in irregular segments (2.0 f 1.5%) 
(p < 0.001). In each patient, smooth segments dilated with 
increasing shear stress (slope 7.4 f 0.9%), whereas irreg- 
ular segments dilated less (slope 0.9 + 0.6%) and showed 
greater increases in shear stress (p < 0.01). The peak 
increase in shear stress was less in smooth (189 2 23%) 
than in irregular (365 + 52%) segments (p < 0.01). 
These results suggest a control mechanism in normal 
coronary arteries whereby increases in shear stress stimu- 
late vasodilation and thus limit further increases in this 
force at the endothelial surface. In atherosclerosis, failure 
of this dilator mechanism results in greater changes in 
shear stress, which might adversely affect the vessel wall. 
(J Am Co11 Cardiol1989;14:1193-9) 
Arterial wall shear stress is the force/unit area acting on the 
endothelial surface as a result of blood flow. Altered shear 
stress is potentially damaging to vascular endothelium and 
may be related to the development of atherosclerosis (l-12). 
Fluid dynamic laws predict that, for any given increase in 
volume blood flow, vasodilation will decrease the mean 
blood flow velocity and limit the increase in wall shear stress 
(13). Experimental research (14-16) has shown that in- 
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creased blood flow stimulates endothelium-dependent vaso- 
dilation, and the stimulus sensed by the endothelium is 
presumed to be a local increase in shear stress. Atheroscle- 
rosis is associated with impairment of endothelium- 
dependent arterial dilation in animal models and in human 
coronary artery disease (17-20). Thus, vasodilation in re- 
sponse to local increases in shear stress may be a protective 
mechanism that is lost in atherosclerosis. This mechanism 
and the effect of atherosclerosis on flow-mediated dilation 
and shear stress have not previously been examined in 
human coronary arteries. 
The purpose of the present study was to examine the 
relation between estimated shear stress and coronary artery 
dilation under conditions of increased coronary blood flow in 
conscious humans. In addition, we tested the hypotheses 
that 1) dilation of normal coronary arteries with increased 
flow limits the increase in shear stress, and 2) that flow- 
mediated dilation is lost in atherosclerotic coronary arteries. 
resulting in uncontrolled increases in shear stress with 
increasing blood flow. 
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Patient selection. Patients undergoing diagnostic cardiac 
catheterization for investigation of coronary artery disease 
were considered for enrollment in this protocol. Patients 
with unstable angina, a recent history of myocardial infarc- 
tion, valvular heart disease, symptomatic congestive heart 
failure or severe peripheral vascular disease were excluded. 
Antianginal therapy, including administration of beta- 
adrenergic blocking agents, calcium channel antagonists and 
long-acting nitrates, was discontinued 18 to 24 h before 
catheterization. Unrestricted use of short-acting sublingual 
nitroglycerin was allowed up to 1 h before the study. 
Informed consent was obtained in accordance with the 
requirements of the Brigham and Women’s Hospital Com- 
mittee for the Protection of Human Subjects from Research 
Risks. 
Diagnostic right and left heart catheterization and coro- 
nary angiography were performed using a standard percuta- 
neous femoral approach. Patients were not studied if the 
following were present: left anterior descending coronary 
artery stenosis r30%, left main artery stenosis, occlusion of 
the right or circumflex coronary artery with collateral filling 
of the posterior descending or atrioventricular (AV) node 
artery or elevated left heart filling pressures. 
Patient characteristics. Eighteen patients were studied 
and separated into two groups on the basis of presence or 
absence of angiographic evidence of coronary atherosclero- 
sis. Classification was made by the consensus of three 
investigators unaware of the study results. 
Group I (smooth segments). This group consisted of 10 
patients with entirely smooth coronary arteries, 8 of whom 
were men. The mean age was 43 years (range 17 to 72). Eight 
patients had atypical chest pain with negative or nondiag- 
nostic exercise tolerance tests. One patient had a family 
history of severe cardiomyopathy and one underwent cath- 
eterization to rule out myocarditis. All had normal hemody- 
namics and left ventriculography. 
Group II (atherosclerotic segments). This group con- 
sisted of eight patients with luminal irregularities of the left 
anterior descending coronary artery, but no focal stenosis 
r30%, II. Seven patients were men. The mean age was 57 
years (range 44 to 68). Four patients also had a significant 
stenosis in the right or circumflex coronary artery. One 
patient had evidence of regional and one had evidence of 
global left ventricular dysfunction. All had normal hemody- 
namic status. 
Flow and vessel diameter data from 12 of these patients 
have been presented in abstract form (21) and will be 
published in a separate report; that study did not deal with 
arterial wall shear stress. 
Study design. After completion of the diagnostic cardiac 
catheterization, an additional 5,000 U of heparin was given 
intravenously and an 8F guiding catheter was positioned in 
Figure 1. Arteriogram of the left anterior descending coronary 
artery from a patient in Group I (normal coronary arteries). The 
position of the tip of the Doppler infusion catheter (not visible) is 
indicated by the black dot and white arrow. The proximal segment 
analyzed for changes in diameter and shear stress is indicated by the 
white bracket. 
the ostium of the left coronary artery. To study a proximal 
segment of the left anterior descending coronary artery 
exposed to changes in coronary blood flow and not to 
vasoactive drugs, a 2.5F infusion catheter with a 20 MHz 
pulsed Doppler crystal mounted on the tip (Millar Instru- 
ments) was advanced through the guiding catheter and 
positioned in the middle portion of the artery (Fig. 1). The 
use of this device to assess intracoronary blood flow velocity 
has been described in detail (22,23). The Doppler catheter 
was connected to a photographic multichannel oscillo- 
graphic recorder (model VR16, Electronics for Medicine) to 
display phasic and mean velocity wave forms. Before the 
experimental protocol was begun, the position of the Dopp- 
ler flow catheter and the range gate control were adjusted to 
optimize the audio flow velocity signal and the phasic flow 
velocity wave form. Throughout the experimental protocol, 
the mean and phasic coronary flow velocity, the electrocar- 
diogram (standard lead I), arterial pressure and guiding 
catheter pressure were monitored continuously. 
Experimental protocol. Serial 2 min intracoronary infu- 
sions at 0.8 mllmin through the central lumen of the Doppler 
catheter were made with use of a Harvard pump as follows: 
1) a control infusion of 0.9% sodium chloride with heparin (2 
U/ml); 2) three infusions of adenosine (0.022, 0.22 and 2.2 
mg/min) in 0.9% sodium chloride with heparin (2 U/ml); and 
3) a repeat control infusion of 0.9% sodium chloride with 
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heparin (2 U/ml). Assuming a rest blood flow in the left 
anterior descending coronary artery of 80 ml/min (24), these 
doses of adenosine would give a final blood concentration of 
approximately 10m6 to lop4 M; however, with the increase in 
blood flow at higher doses, the actual concentrations were 
proportionately lower. 
Just before the end of each infusion, when coronary flow 
velocity, heart rate and blood pressure were at steady state, 
quantitative angiography was performed by a previously 
validated technique (23,25-27). Nonionic contrast medium 
(Omnipaque, Winthrop-Breon) was injected into the left 
coronary artery at the rate of 7 to 10 ml/s for a total of 9 to 
12 ml with the use of a power injector (Medrad) to optimize 
the quality and reproducibility of the injections. A biplane 
system (Polydiagnost-C, Phillips Medical Systems) with two 
image intensifiers was used. The left anterior descending 
artery was positioned in the center of each field of view and 
at a single position in space (isocenter). 
Analysis of arterial dimensions. Of the two biplane views, 
the technically more suitable single plane coronary angio- 
gram in each patient was selected for analysis. The other 
view was used to ensure that the same directional change 
occurred in more than one dimension. A segment of the left 
anterior descending coronary artery free of side branches 
and r5 mm proximal to the Doppler catheter tip (site of 
infusion of adenosine) was selected for quantitative analysis 
of the response to changes in shear stress. A segment of this 
artery at the Doppler tip was also selected for the calculation 
of changes in coronary blood flow (Fig. 1). 
Each coronary segment of interest was centered, and the 
tine frame was digitized (20 to 40 pm/pixel) with the use of 
a video camera (Cohu Inc.) connected to a video interface 
(Recognition Concepts Inc.) and a Microvax II computer 
(Digital Equipment Corporation). Four tine frames were 
scanned and averaged, with two anatomic features as refer- 
ences in each frame to ensure accurate repositioning. Six- 
teen video images were summed to reduce video noise, and 
two-line profile averaging was used to minimize anatomic 
noise. Calibrated grids, filmed at isocenter, were used to 
scale the data from pixels to millimeters. A series of diam- 
eter measurements was recorded at each pixel line for the 
length of each arterial segment. The data were displayed as 
a graph showing diameter versus length. Fixed anatomic 
coordinates were used to reproduce the same region of 
interest in the left anterior descending coronary artery 
segment to assess serial changes. The result was a mean 
diameter for the same segment at control and during infusion 
of each dose of adenosine (25). 
Estimation of change in coronary blood flow. Changes in 
coronary blood flow were estimated by correcting changes in 
mean coronary blood flow velocity, as measured by the 
Doppler catheter. for changes from control in estimated 
cross-sectional area, as determined from the change in 
diameter measured in the optimal single plane view (23). 
Estimation of wall shear stress. Wall shear stress was 
estimated in a straight tubular segment of the left anterior 
descending coronary artery free of side branches by making 
the following assumptions (28-32). 
1) Fully developed 1uminarJlow was present in the studied 
segment (13,28-31). The distance from the orifice of a tube to 
the region of fully developed laminar flow is called the 
entrance length, which for nontime-dependent flow is 
(O.O35)(D)(Re), where D = diameter and Re = Reynolds 
number (13). Assuming a Reynolds number of 200 in human 
coronary arteries (29,31), the mean entrance length was 
19.4 2 1.3 mm for Group I and 21.4 t 1.3 mm for Group II. 
The distance from the left main ostium to the segment of 
interest far exceeded the entrance length in both Group I 
(43.2 5 2.7 mm) and Group II (41.8 t 5.0 mm), thus 
predicting that fully developed laminar flow was present in 
the segments under study. 
2) The effects of p&utility in the left anterior descending 
coronary artery were neglected. Published investigations 
(28-3 1) have suggested that the effect of pulsatility on shear 
stress is small and that the effects of viscosity predominate in 
vessels the size of human coronary arteries. 
3) Blood was assumed to behave as a Newtonian fluid 
(that is, for a given rate of angular deformation of the fluid, 
the shear stress is directly proportional to the viscosity) 
(13,28-31). 
4) Minimal change in vessel diameter occurred during the 
cardiac cycle 129,30). 
5) Coronary blood flow in the proximal segment was 
equal to the jaw at the Doppler tip (that is. there were no 
major branch arteries between the two segments. 
6) Blood viscosity remained constant during the study 
period (approximately 30 min). The diameter of each seg- 
ment was measured at the same point in the cardiac cycle in 
each case. 
From these assumptions, shear stress (7) has the follow- 
ing relation to segment radius fr) and mean coronary blood 
flow I@ (29): 
where p = absolute blood viscosity. No attempt was made 
to calculate absolute shear stress. Rather, the changes from 
control were calculated from the measured changes in seg- 
ment diameter and the estimated change in left anterior 
descending coronary artery blood flow. 
Statistical analysis. The four digitized tine frames for 
each infusion were summed and averaged along the segment 
profile to give a mean diameter +SD at each point. A single 
mean and a pooled SD for the segment at each infusion was 
obtained by averaging each of these measurements along the 
segment profile. Suitable segments were required to have an 
SD of ~5% of the mean diameter. 
At peak increase in coronary blood flow, the changes in 
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proximal segment diameter, coronary blood flow and shear 
stress were compared with control values. The group differ- 
ences for each of these variables were compared with use of 
the Mann-Whitney test. The relation between baseline diam- 
eter of the studied coronary artery segment and the peak 
increase in diameter was compared by regression analysis. 
Within the range of changes in coronary blood flow 
examined in this study, there was a linear relation between 
coronary artery diameter and shear stress in each patient. 
The slope of the regression was calculated for each patient, 
and the group differences of the slopes (unpaired data) were 
compared with use of a nonparametric statistical method 
(Mann-Whitney test). Statistical significance was assumed if 
the null hypothesis could be rejected at the 0.05 probability 
level. All data are expressed as the mean values ? SEM. 
Results 
Coronary artery responses. In the total group of 18 pa- 
tients, intracoronary adenosine produced a dose-related 
increase in coronary blood flow velocity, which rapidly 
reached steady state during each 2 min infusion and returned 
to baseline between infusions. The peak increase in coronary 
blood flow occurred during infusion of adenosine at a rate of 
2.2 mg/min in 13 patients and at a rate of 0.22 mg/min in 5 
patients. The peak increase in coronary blood flow was the 
same in Group I (smooth segments) (371 ? 65%) and Group 
II (atherosclerotic segments) (377 ? 50%) (p = NS) (Fig. 2). 
The proximal left anterior descending coronary artery 
segments were exposed to changes in bloodflow, but not to 
the pharmacologic effects of adenosine. The mean baseline 
diameter of these proximal segments was 2.77 ? 0.18 mm in 
Group I and 3.05 r 0.19 mm in Group II (p = NS). At peak 
coronary flow, dilation was greater in the proximal smooth 
coronary artery segments in Group I (16.3 * 2.7%) than in 
the irregular coronary artery segments in Group II (2.0 * 
1.5%) (p < 0.001) (Fig. 2). The diameter increase from 
control was significant in Group I (p < 0.01) but was not 
significant in Group II. By regression analysis, there was no 
relation between baseline diameter and degree of dilation 
(r = -0.4, p = NS). 
At peak increase in flow, shear stress increased 189 + 
23% in the smooth coronary artery segments (Group I). For 
the same peak increase in flow, shear stress increased more 
(365 ? 52%, p < 0.01) in the irregular coronary artery 
segments (Group II) (Fig. 2). 
The relation between change in coronary artery diameter 
and change in shear stress in each patient is shown in Figure 
3. Group I patients with smooth coronary arteries showed on 
average 7.4 2 0.9% dilation with each onefold increase in 
shear stress. In contrast, Group II patients with irregular 
coronary arteries showed less dilation (average 0.9 + 0.6%) 
for each onefold increase in shear stress (p < 0.01). 
In response to adenosine, a direct smooth muscle dilator, 
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Figure 2. Mean changes in coronary blood flow (top panel), in 
proximal coronary segment diameter (middle panel) and in estimated 
wall shear stress in the proximal segment (bottom panel) at peak 
coronary blood flow. At peak blood flow, dilation was significantly 
greater in smooth coronary arteries than in atherosclerotic arteries 
(p < 0.001). Failure of dilation in mildly atherosclerotic coronary 
arteries resulted in significantly higher wall shear stress at equal 
increases in flow (p < 0.01). 
the diameter of the segment distal to the Doppler tip in- 
creased by 14.6 ? 4.2% in Group I and by 14.3 ? 6.2% in 
Group II at peak dose (p = NS), confirming that in both 
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Figure 3. The slope of the relation between changes in coronary 
vessel diameter and in shear stress is shown for each patient. The 
top panel displays the slopes of Group I patients (normal coronary 
arteries) (n = IO), and the bottom panel displays the slopes of Group 
II patients (mild coronary atherosclerosis) (n = 8). Group I patients 
with smooth coronary arteries showed 7.4 2 0.9% dilation for each 
onefold increase in shear stress. However, Group II patients with 
irregular coronary arteries had less dilation (0.9 5 0.6%) for each 
onefold increase in shear stress and had higher values of shear stress 
(p < 0.01). 
groups the vessels were capable of nonendothelium- 
dependent dilation. 
Hemodynamic response to intracoronary adenosine. 
There were no changes in heart rate or rhythm during the 
study. There was no significant difference between the 
control systolic blood pressure in Group I (126 5 8 mm Hg) 
and Group II (137 -t 7 mm Hg). In the total study group, 
systolic blood pressure increased from 131 t 5 mm Hg at 
baseline to 148 -t 7 mm Hg at peak adenosine dose (p < 
0.001). There was no significant difference between the 
increase in blood pressure in Group I (18 mm Hg) and Group 
II (15 mm Hg). Three patients experienced a feeling of chest 
fullness during adenosine infusion (2.2 mg/min), which 
promptly resolved after the infusion was stopped. There 
were no other adverse effects. 
Discussion 
This study demonstrates that in conscious humans, an- 
giographically normal coronary arteries dilate as shear stress 
increases and that this dilator response is impaired in ath- 
erosclerotic arteries. Normal coronary arteries showed an 
average 7.4% dilation for each onefold increase in shear 
stress. With equal increases in coronary blood flow, how- 
ever. failure of dilation in the atherosclerotic segments 
produced an increase in shear stress nearly double that 
observed in angiographically normal segments. 
Estimation of shear stress. An absolute measure of shear 
stress would have to consider local blood velocity, the radius 
and local geometry of the vessel, pulsatility, blood viscosity 
and the compressible and non-Newtonian mechanics of 
blood (29,30). In this study, we examined tubular segments 
of the left anterior descending coronary artery that were free 
of side branches, and assumed fully developed laminar flow 
(28-31). The distance from the left main coronary orifice to 
the segment of interest was greater than an estimate of 
entrance length and equal in the two groups, thus predicting 
fully developed laminar flow based on steady viscous flow 
(13). 
The pulsatile nature of blood can affect local shear stress. 
Dewey (29) and Benson et al. (30) suggested that the effect of 
pulsatility can be neglected in vessels of relatively small 
caliber and low flow, such as human coronary arteries. 
Intact arteries, even atherosclerotic ones, are not completely 
rigid. Elasticity of a vessel results in variations in diameter 
during the cardiac cycle, which also can have important 
effects on local shear stress. Benson et al. (30) also suggested 
that this effect can be neglected when the diameter variation 
is < 10% to 20%. Coronary diameter varies by only about 5% 
during each cardiac cycle (32). 
In this study, we minimized the necessary assumptions 
by choosing a tubular segment of left anterior descending 
coronary artery free of side branches that was far enough 
from the left main coronary ostium. We measured average 
coronary blood flow velocity with a pulsed Doppler tech- 
nique (22,23) and measured arterial diameter with quantita- 
tive angiography (2.5) to calculate changes in coronary flow. 
Given all of these considerations, equation 1 is a reasonable 
estimate of the relation between viscosity, vessel radius, 
coronary flow and shear stress. It has been studied and used 
previously (29) to estimate wall shear stress in model arter- 
ies, assuming values for flow and diameter. The present 
study, however, examined measured values of coronary 
diameter and blood flow in patients undergoing cardiac 
catheterization. This study focused on the relation between 
changes in shear stress and in vessel diameter. Therefore, 
each patient acted as his or her own control and the results 
are expressed as relative changes rather than as absolute 
values. In addition, the increases in flow and blood pressure 
and the baseline diameter were equal in each group, thus 
permitting an assessment of the consequences of impaired 
coronary dilation on arterial wall shear stress. 
Mechanisms of vasodilation. In animal experiments (1C 
16,33), increased blood flow stimulates vasodilation of large 
epicardial coronary arteries, and this response depends on 
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the presence of intact endothelium. Rubanyi et al. (16) 
demonstrated that increases in blood flow trigger the release 
of a substance that has many of the characteristics of 
endothelium-derived relaxing factor. Because individual en- 
dothelial cells cannot sense changes in volume flow in a 
blood vessel, local changes in shear stress acting on the 
endothelial surface are likely to be the stimulus (14,15). 
Atherosclerosis has been shown to impair endothelium- 
dependent responses to a number of substances including 
acetylcholine (17-20,26,34). Recently, we demonstrated (21) 
impairment of flow-mediated coronary dilation in patients 
with mild coronary artery disease. In the present study, 
vasodilation of the proximal segment due to increased shear 
stress in normal arteries and loss of this response in athero- 
sclerotic arteries is compatible with an endothelium- 
dependent mechanism. In support of this proposed mecha- 
nism, equal dilation was observed in the adjacent normal and 
atherosclerotic segments of the same arteries exposed to 
adenosine, a direct smooth muscle vasodilator. Some studies 
(34) have also suggested that impaired diffusion of endothe- 
lium-derived relaxing factor through thickened intima and 
abnormalities of vascular smooth muscle may also play a 
role in the abnormal vasomotion observed in atherosclerotic 
arteries. 
The increase in systolic blood pressure observed during 
adenosine infusion could have contributed to the increase in 
vessel diameter observed in Group I, but it should not 
account for the marked difference in dilation observed 
between Groups I and II because the pressure increase was 
the same in the two groups. Cox et al. (35) examined the 
mechanism of this pressor response and suggested that 
adenosine may elicit a cardiac reflex resulting in central 
release of catecholamines. 
Effects of shear stress on endothelium. Alterations in 
shear stress may produce pathologic changes in endothelial 
morphology and function (36-39). Fry (1) described defor- 
mation and disruption of the endothelial surface in canine 
thoracic aorta exposed to high levels of shear stress. Dewey 
et al. (7) demonstrated that in vitro increased shear stress 
alters endothelial cell growth, shape and orientation, re- 
sponse to injury and platelet activation. 
A number of studies (4,6,10,40) suggest that abnormal 
shear stress is a factor in the development of atherosclero- 
sis. Cornhill and Roach (5) reported that early lesions 
develop at aortic branch points in cholesterol-fed rabbits. In 
patients with mild atherosclerosis, McLenachan et al. (41) 
recently reported increased endothelial dysfunction at coro- 
nary branch points, as assessed by the response to intracor- 
onary acetylcholine. Finally, Davies et al. (12) and Ku et al. 
(10) emphasized that variation in magnitude and direction of 
shear stress may play an important role in atherogenesis. 
Limitations of the study. Angiographically smooth coro- 
nary arteries do not exclude the presence of atherosclerosis, 
although this study made every attempt to separate normal 
patients with entirely smooth coronary arteries from patients 
with irregularities and stenoses due to atherosclerosis. De- 
spite this potential difficulty, we observed highly significant 
differences in shear stress at peak flow and in the relation 
between shear stress and vasodilation between the groups 
categorized by angiography. 
Because of limitations of measuring absolute blood flow 
in patients, this study does not provide absolute values of 
shear stress. Instead, it addresses the control of shear stress 
by examining relative changes from baseline values. 
Clinical implications. This study demonstrated that in 
conscious humans, angiographically normal coronary arter- 
ies dilated with increases in shear stress. This dilation had 
the effect of limiting increases in shear stress for any given 
increase in blood flow. These results suggest the following 
control mechanism: increased coronary blood flow produces 
increased local shear stress at the endothelial surface. In 
response, vasodilation occurs, probably by an endothelium- 
dependent mechanism, tending to reduce shear stress. Thus, 
a local feedback mechanism is established and serves to 
control shear stress under conditions of increased flow. 
Because shear stress is inversely proportional to the cube of 
the vessel radius, relatively small amounts of vasodilation 
produce significant decreases in this potentially damaging 
force. 
This study also showed that, in patients with coronary 
artery disease, coronary segments with mild atherosclerosis 
failed to dilate, possibly because of endothelial dysfunction 
(21,26), leading to a near doubling of shear stress compared 
with the normal response for the observed increase in 
volume flow. This finding suggests that coronary atheroscle- 
rosis impairs the normal control of shear stress in straight 
tubular coronary segments. Previous studies indicate that 
increases or large fluctuations, or both, in shear stress may 
be deleterious (l-5,9,10,12). At coronary branch points, 
bends and stenoses, absolute values of shear stress vary to 
an even greater extent. In humans, failure of this control 
mechanism for shear stress might perpetuate functional 
disturbances of coronary endothelium and progression of 
atherosclerosis. 
We acknowledge the helpful advice of Krishna Kandarpa, MD, PhD. We also 
thank the nursing and technical staff of the Brigham and Women’s Hospital 
cardiac catheterization laboratory for their expert help in conducting these 
protocols. 
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